Mutations/deletions of the tumor-suppressor phosphatase and tensin homolog PTEN result in PI3K/Akt pathway hyperactivation and potentially alter oncogenic responses to targeted receptor tyrosine kinase inhibitors. We previously showed that hepatocyte growth factor (HGF): c-Met pathway inhibition decreases tumor growth and oncogenic signaling responses in PTEN-null/Met + gliomas. Here, we use two tet-on PTENwt-inducible glioma cell lines and xenograft models to examine the influence of PTEN on oncogenic signaling responses to HGF:c-Met pathway inhibitors. Reconstitution of PTEN inhibited Akt by more than 80% and inhibited cell growth by approximately 70-75% in both cell lines in vitro. C-Met inhibition alone inhibited in-vitro cell growth by approximately 80-85% and the magnitude of growth inhibition was not altered by combining PTEN reconstitution with c-Met inhibition. Combining PTEN reconstitution with Met inhibition arrested a higher percentage of cells in G 1 /G 0 phase of the cell cycle when compared with either PTEN reconstitution or c-Met inhibition alone. Both PTEN reconstitution alone and inhibiting autocrine HGF:c-Met signaling alone, using anti-HGF mAb, robustly inhibited the growth of subcutaneous and intracranial glioma xenografts. Combining anti-HGF therapy with PTEN reconstitution did not significantly alter the magnitude of xenograft growth inhibition. Semiquantitative immunohistopathological analyses revealed that the inhibition of glioma xenograft angiogenesis and cell proliferation by anti-HGF mAb was greatest in conjunction with PTEN reconstitution. In contrast, xenograft cell apoptosis was greatest in response to anti-HGF therapy alone and PTEN reconstitution abrogated the apoptotic response to anti-HGF therapy. These results provide new insights into how PTEN modulates glioma responses to the inhibition of HGF:c-Met signaling and possibly other receptor tyrosine kinase pathways.
Introduction
Mutations/deletions of tumor suppressors, such as the phosphatase and tensin homolog deleted on chromosome 10q (PTEN), lead to Akt hyperactivation and are commonly found in malignant neoplasms [1] . Receptor tyrosine kinase (RTK) systems such as those involving c-Met, epidermal growth factor receptor (EGFR), and platelet-derived growth factor receptor commonly influence PTEN-associated oncogenic signaling [2] [3] [4] [5] . Amplifications and/or activating mutations in RTKs lead to hyperactivation of downstream signaling pathways, such as the PI3K/Akt pathway, which mediates oncogenic phenotypic responses. Dysfunction of these oncogenic molecular pathways contributes to uncontrolled tumor cell proliferation, survival, invasiveness, tumor angiogenesis, and poor patient prognoses in a variety of solid malignancies [1] .
PTEN is a polypeptide with dual lipid and protein phosphatase activities. PTEN dephosphorylates the lipid second messenger phosphatidylinositol 3,4,5 triphosphate (PIP3) to create phosphatidylinositol 3,4 biphosphate.
Conversion of PIP3 to phosphatidylinositol 3,4 biphosphate diminishes the downstream effects of PI3K including the extent of Akt activation [6] . Somatic deletions/mutations of PTEN are commonly found in a wide variety of solid tumors and are detected in 40-50% of glioblastomas [7, 8] . PTEN expression in PTEN-null glioma cells suppresses glioma growth in vitro and in vivo inhibiting cell migration and invasion while also inducing apoptosis [9] [10] [11] [12] . PTEN is shown to coregulate RTKmediated gene expression in glioma models and influences the response to targeted kinase inhibitors [13, 14] .
C-Met and its cognate ligand hepatocyte growth factor (HGF) have been implicated in the formation and progression of a variety of solid tumor types [15] . C-Met is a potent activator of the Ras/Map kinase and PI3K/ Akt pathways and targeting this RTK/ligand system has antioncogenic effects in several preclinical model systems [16] [17] [18] . Preclinical evidence supporting the role of HGF/ c-Met in tumorigenesis has led to the development of a plethora of c-Met pathway inhibitors, now entering phase I/II clinical trials [19] . Previous studies have suggested that the therapeutic efficacy of RTK inhibitors is predicted by PTEN activity, with PTEN loss rendering tumors unresponsive [14] . Other evidence suggests that tumor responses to RTK inhibitors are not predicted by the activity of any other single pathway component including PTEN, but rather are determined by the integrated activity of multiple pathway components that together determine total oncogenic 'flux' [20] . With the emergence of novel therapeutic agents aimed at the HGF/c-Met pathway, the influence of PTEN on the tumor response to HGF:c-Met pathway inhibition requires further attention.
We previously reported that anti-HGF therapy inhibits glioma growth in vitro and in vivo in an HGF + /c-Met + / PTEN-null glioma model. Here, we investigated whether PTEN reconstitution alters tumor sensitivity to anti-HGF therapeutics using previously characterized glioma cell lines that express wild-type PTEN under the control of a tet-responsive promoter [21] . Specifically, we investigated whether PTEN function alters glioma xenograft growth, cell proliferation, angiogenesis, and apoptosis responses to c-Met inhibition.
Methods

Reagents
SU11274 and PHA665752 are c-Met inhibitors shown to block the catalytic domain of the c-Met receptor. L2G7 is an anti-HGF monoclonal antibody shown to inhibit the direct interaction of HGF and c-Met, and 5G8 is the isotype-matched control monoclonal antibody.
Tet-on inducible cell lines
The tet-on PTENwt inducible cell lines U87-PTENwt and U251-PTENwt were a kind gift from Dr Maria Georgescou. Radu et al. [21] developed a tetracyclineinducible method for expressing PTENwt using a retroviral vector in PTEN-deficient U87 and U251 glioma cell lines. In their system, two retroviral constructs pCX n /tetracycline repressor (TR2) and pCX b R(TO)-PTEN were introduced simultaneously into U87 or U251 glioma cells by infection. The pCX n /TR2 construct encodes TR of the tetracycline operon that is found in the second construct. The second construct contains the inducible promoter that controls transcription of the desired gene, in this case PTEN. When tetracycline is absent, the repressor prevents PTEN expression from the second retroviral construct. When tetracycline, or its derivative doxycycline, is present, the repressor is inhibited and catalytically active PTEN is expressed.
Immunoblot analysis
Total protein was extracted from glioma xenografts and cells using radioimmunoprecipitation assay buffer (1% igepal, 0.5% sodium deoxycholate, and 0.1% SDS in phosphate buffer solution) containing fresh 1X protease and 1X phosphatase inhibitors (Calbiochem, Darmstadt, Germany) at 41C. Tissue extracts were sonicated on ice and centrifuged at 5000 rpm at 41C for 5 min. Supernatants were assayed for protein concentrations by the Coomassie protein assay (Pierce, Rockford, Illinois, USA) according to the manufacturer's recommendations. Aliquots of 40 or 60 mg of total protein were combined with Laemmli loading buffer containing b-mercaptoethanol and subjected to SDS-polyacrylamide gel electrophoresis according to the method of Towbin et al. [22] with some modifications [23] . For immunoblot analyses, proteins were electrophoretically transferred to nitrocellulose with a semidry transfer apparatus (GE Healthcare, Piscataway, New Jersey, USA) at 50 mA for 60 min. Membranes were incubated for 1 h in Odyssey Licor blocking buffer (Lincoln, Nebraska, USA) at room temperature and then overnight with primary antibodies at 41C in 5% bovine serum albumin in tris-buffered saline (TBS) containing 0.1% Tween 20 (TBS/T). Membranes were then washed 3X with TBS/T, incubated with secondary antibody at 1 : 10 000 for 1 h in TBS/T, again washed 3X with TBS/T, followed by washing 2X with TBS. Proteins were detected and quantified using the Odyssey Infrared Imager (LI-COR Biosciences).
Cell-viability assay
Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay. Cells were plated at 50 000/well in 24-well tissue culture plates and cultured for 24 h before treatment with specified reagents. Twenty-four to 72 h after treatment, 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide was added to each well at a final concentration of 150 mg/ml, and the cells were incubated for 2 h at 371C. The medium was then removed and the cell layer was dissolved with dimethylsulfoxide. The formazen reaction product was quantified spectrophotometrically at 570 nm using a Spectra MAX 340pc plate reader (Molecular Devices, Sunnyvale, California, USA). The results are expressed as the percentage of absorbance measured in control cultures after subtracting the background absorbance from all values.
Flow cytometry analysis
Cell cycle analysis was quantified using propidium iodide (BD Biosciences, San Diego, California, USA) according to the manufacturer's instructions. In brief, cells were trypsinized, pelleted by centrifugation, and resuspended in annexin V-binding buffer [NaCl (150 mmol/l), CaCl 2 (18 mmol/l), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (10 mmol/l), KCl (5 mmol/l), and MgCl 2 (1 mmol/l)]. Fluorescein isothiocyanate-conjugated annexin V (1 mg/ml) and propidium iodide (50 mg/ml) were added to cells and incubated for 30 min at room temperature in the dark. Nonimmune mouse IgG was used as the negative control. Analyses were performed on a FACscan (Becton-Dickinson, Mountain View, California, USA). Data were analyzed with CellQuest software (Becton-Dickinson).
Tumor xenografts
Glioma xenografts were generated as previously described [24] . Female mice (6-8 week old; National Cancer Institute, Frederick, Maryland, USA) were anesthetized by intraperitoneal (i.p.) injection of ketamine (100 mg/kg) and xylazine (5 mg/kg). For subcutaneous xenografts, Nu/nu mice received 4 Â 10 6 cells in 0.05 ml of plain media subcutaneously in the dorsal flank. When tumors reached approximately 200 mm 3 , the mice were randomly divided into groups (n = 5 per group) and received the indicated doses of L2G7, an anti-HGF-neutralizing antibody or an isotype-matched control mAb (5G8) in 0.1 ml of phosphate buffer solution i.p. as previously described [17] . Tumor volumes were estimated by measuring two dimensions [length (a) and width (b)] and by calculating the volume as V = ab 2 /2 [17, 25] . At the end of each experiment, tumors were excised, frozen in liquid nitrogen, and protein was extracted for immunoblot analysis.
For intracranial xenografts, Scid/beige mice received 1 Â 10 5 cells per 2 ml by stereotaxic injection into the right caudate/putamen [24] . L2G7 or 5G8 mAb was administered as above. Groups of mice (n = 5) were killed by perfusion fixation at 24 h after the last injection and the brains were removed for histological studies. Tumor volumes were quantified by measuring tumor crosssectional areas on hematoxylin and eosin-stained cryostat sections using computer-assisted image analysis as previously described [24] . Tumor volumes were estimated based on the formula: volume = (square root of maximum cross-sectional area) 3 [26] .
The Johns Hopkins University Institutional Animal Care and Use Committee approved all animal protocols used in this study.
Immunohistochemistry
Cryostat sections were stained with anti-cleaved caspase-3, anti-MIB-1, or anti-laminin antibodies as previously described [26] . Biotinylated-conjugated secondary antibodies followed by incubation with 3,3 0 -diaminobenzidine peroxidase substrate was used to detect primary antibodies. Anti-MIB-1-stained sections were counterstained with Gill's hematoxylin solution. Anticleaved caspase 3 and antilaminin stained sections were counterstained with methyl green. Proliferation, apoptotic, and microvessel density indices were determined by computer-assisted quantification using Image J Software (rsb.info.nih.gov/ij/) essentially as previously reported [17] .
Statistical methods
Statistical analysis consisted of one-way analysis of variance followed by the Tukey or Dunnet's multiplecomparison test using Prism (GraphPad software Inc., San Diego, California, USA). A P value of less than 0.05 was considered significant. All experiments reported here represent at least three independent replications. For the in-vivo studies reported in Figs 3 and 4, a representative experiment was chosen to summarize at least three independent replications with a total of n = 15 animals per group). Data are represented as mean values ± standard deviation.
Results
PTEN reconstitution and c-Met inhibition decrease Akt activation and glioma cell growth
We found that PTEN reconstitution, c-Met pathway inhibition, or their combination significantly decreased Akt activation and glioma growth as assessed by immunoblot analysis and cell viability assays, respectively. C-Met inhibition with SU11274 (10 mmol/l) decreased Akt activation by approximately 30% in both U87-PTENwt and U251-PTENwt glioma cell lines (P < 0.05), whereas PTEN reconstitution alone and in combination with SU11274 (10 mmol/l) decreased Akt activation by 90% in both cell lines (P < 0.05; Fig. 1a and c). Reconstituting PTEN in U87-PTENwt and U251-PTENwt glioma cells inhibited cell growth by approximately 70 and 75%, respectively when measured 72 h after initiating the treatment. C-Met inhibition alone or combined with PTEN reconstitution both inhibited cell growth by approximately 80% in U87-PTENwt cells and by approximately 85% in U251-PTENwt cells ( Fig. 1b and d) . Thus, c-Met inhibition alone had a potent inhibitory effect on cell growth that was not altered by PTEN reconstitution.
PTEN reconstitution and c-Met inhibition alter glioma cell cycle progression
Cell cycle responses were examined to determine whether PTEN alters cell proliferation responses to c-Met inhibition. U87 and U251 glioma cells treated with either PHA665752 (100 nmol/l) or doxycycline (100 nmol/l) to induce PTEN expression, or their combination, were subjected to cell cycle analysis by flow cytometry. PTEN reconstitution alone, Met inhibition alone, or the combination each arrested cell cycle progression in the G 1 /G 0 phase and decreased the percentage of cells in the G 2 /M phase in comparison with controls (P < 0.05; Fig. 2a, c, d and f) . However, combining c-Met inhibition and PTEN restoration in both cell lines led to a modest statistically significant increase in the G 1 /G 0 cell cycle arrest compared with either c-Met inhibition or PTEN reconstitution alone (P < 0.01; Fig. 2a and d) .
PTEN reconstitution and anti-hepatocyte growth factor therapy alter tumor growth responses in subcutaneous glioma xenografts
We examined the effects of PTEN reconstitution, c-Met pathway inhibition, and their combination on the growth characteristics of glioma xenografts. U87-PTENwt cells were implanted subcutaneously in Nu/Nu mice and tumors were allowed to reach a size of approximately 200 mm 3 . Animals were then treated ± doxycycline (2 mg/ml in drinking water) with either control mAb (5G8) or neutralizing anti-HGF mAb (L2G7; 1.25 mg/kg i.p.) every alternate day for 10 days. We have previously shown that L2G7 therapy effectively inhibits c-Met receptor activation (phosphorylation) and downstream signaling in wild-type U87 glioma xenografts [17] . L2G7 alone, PTEN reconstitution alone, and combination of L2G7 and PTEN reconstitution markedly inhibited tumor growth ( Fig. 3a) . At day 10, corresponding with the last day of treatment, L2G7 alone or PTEN reconstitution alone inhibited U87 tumor xenograft growth by approximately 75%. Semiquantitative immunoblot analysis of tumor extracts revealed a substantial reduction in Akt activation (serine 473 phosphorylation) in response to PTEN reconstitution (Fig. 3b) . Combining L2G7 and PTEN reconstitution also markedly inhibited tumor growth by approximately 85% (P < 0.05). There was a trend, which did not reach statistical significance, toward greater tumor growth inhibition in response to PTEN reconstitution and L2G7 when compared with either treatment alone.
PTEN reconstitution alters glioma responses to anti-hepatocyte growth factor therapeutics in orthotopic glioma xenografts
Glioma responses to PTEN reconstitution ± HGF:c-Met pathway inhibition were examined in more detail using an orthotopic intracranial model. U87-PTENwt cells were implanted into the caudate/putamen of Scid/beige mice. Beginning on postimplantation day 15, animals were treated ± doxycycline (2 mg/ml in drinking water) with either 5G8 or L2G7 (1.25 mg/kg i.p.) administered every alternate day for 6 days. Animals were killed and tumor sizes were quantified by morphometric histological analysis. PTEN reconstitution alone and L2G7 alone both reduced tumor xenograft size by approximately 90 and 80%, respectively (Fig. 4a) . PTEN reconstitution and L2G7 inhibited tumor growth by approximately 95% (Fig. 4a ). The effects of PTEN reconstitution alone, HGF:c-Met pathway inhibition alone, or their combination on tumor growth were similar in orthotopic and subcutaneous U87PTENwt xenografts.
We analyzed orthotopic xenograft histological sections for the effects of PTEN reconstitution, HGF:c-Met pathway inhibition, or both on cell proliferation using anti-Ki67 staining (Fig. 4b) , angiogenesis using antilaminin staining (Fig. 4c) , and apoptosis using anticleaved caspase 3 staining (Fig. 4d ). Neither PTEN reconstitution nor L2G7 monotherapy affected tumor Ki-67 labeling or tumor vascular density when compared with controls. However, combining PTEN reconstitution and L2G7 inhibited cell proliferation and angiogenesis by approximately 60 and 65%, respectively, consistent with cooperativity (P < 0.05). There was a trend of two-fold increase in apoptosis in response to PTEN reconstitution alone that was not statistically significant. L2G7 therapy alone statistically significantly increased tumor cell apoptosis four-fold (P < 0.05). Glioma cell apoptosis in response to combining PTEN reconstitution and L2G7 was significantly less than that seen in response to L2G7 alone. Thus, although PTEN reconstitution and anti-HGF therapy co-operated to inhibit tumor cell proliferation and angiogenesis, PTEN reconstitution rendered tumor cells less sensitive to developing apoptosis in response to anti-HGF therapy.
Discussion
Hyperactivation of the oncogenic serine/threonine kinase Akt occurs in up to 65% of glioblastoma and is very common in other brain and systemic malignancies [1, 27] . Akt hyperactivity most commonly results from amplifications, mutations, deletions, or hyperactivation of upstream signaling molecules such as the RTKs EGFR, platelet-derived growth factor receptor, and c-Met, the intracellular second messengers PI3K, and through the loss of the tumor-suppressor PTEN [1, 6, 7, 28] . Activating Akt mutations occur less commonly and independent of RTK gains and PTEN loss [1, 28] . Considerable effort toward developing targeted therapeutics has focused on inhibiting RTK-Akt signaling due to its importance in regulating tumor cell growth, invasion, survival, and sensitivity to DNA-damaging agents [1, 29] . The influence of PTEN on tumor responses to RTK inhibition remains incompletely characterized. We previously reported that inhibiting HGF/c-Met signaling in an HGF + / Met + /PTEN-null glioma model robustly inhibits tumorinitiating capacity, tumor xenograft growth, and resistance to cytotoxic therapeutics [2, 17, 24] . Here, we show that reconstituting PTEN alters the response of a glioblastoma xenograft model to HGF/c-Met pathway inhibition, namely by enhancing the inhibition of glioma cell proliferation and tumor angiogenesis, but by diminishing tumor cell apoptosis.
One explanation for the lack of an additive in-vivo antitumor effect from combining PTEN restoration and c-Met pathway inhibition could be attributed to the high dependency of these cell lines on c-Met and PTEN loss.
In our experiments, we aimed to isolate the effects of c-Met and PTEN on the tumor growth response, whereas clinical specimens demonstrate heterogeneity in their drivers of tumor progression. Under conditions in which PTEN and c-Met/HGF are predominant drivers of tumor malignancy, additive antitumor effects might have been detected.
HGF/c-Met pathway signaling is recognized to support the malignant behavior of subsets of multiple solid malignancies [15] . Understanding how distinct molecular backgrounds influence tumor responses to HGF/c-Met pathway inhibitors is of considerable importance. On the basis of an elegant phase 2 trial in patients with glioblastoma, Mellinghoff et al. [30] concluded that PTEN loss renders tumors unresponsive to the inhibition of EGFR and potentially other RTKs. Our findings in this study using a well-characterized isogenic glioblastoma model are consistent with previous findings showing that malignancies can robustly respond to RTK inhibition, even in the absence of PTEN [17, 20, 31] . Differences in the RTK pathways examined, c-Met versus EGFR, differences in tumor genetic heterogeneity, or differences in the magnitudes of RTK inhibition might account for the differences in these clinical and preclinical results. The sensitivity of PTEN-null U87 xenografts to RTK inhibition suggests that downregulating PI3K activity can compensate for the absence of the lipid phosphatase PTEN in reducing tumor levels of PIP3 and thereby reduce the overall flux to Akt activation. In previous studies, we showed that expressing the constitutively active RTK EGFRvIII renders Met-dependent tumors insensitive to Met pathway inhibitors [31] . This effect is likely to be mediated at least in part by the fact that EGFRvIII signaling is parallel and redundant with c-Met signaling and maintains the flux through oncogenic PI3K/ Akt and Ras/MAPK relatively independent of c-Met.
Our in-vitro findings confirm the results of Li et al. [32] showing that HGF:c-Met pathway inhibition and adenoviral-based PTEN restoration additively inhibit proliferation and cell cycle progression in PTEN-null glioblastoma cells. Our results in this study expand on these findings by examining specific tumor cell responses within the more complex orthotopic in-vivo context. We were surprised that PTEN reconstitution and anti-HGF therapy in combination co-operatively inhibited tumor cell proliferation and angiogenesis in the absence of a comparable effect on tumor growth. This is likely explained by the apoptotic response that was greatest in response to anti-HGF therapy alone, approximately two-fold greater than the response to the combination. The greater apoptotic response to anti-HGF alone suggests that in the absence of PTEN, c-Met inhibition preferentially inhibits tumor growth by a proapoptotic mechanism. This finding is consistent with our previous studies in U87 glioma xenografts and HGF + /Met + medulloblastoma models [31, 33] .
Conclusion
Taken together, our findings in this study reveal potentially important differences in the antitumor response to c-Met inhibition depending on PTEN status. Although PTEN status may not necessarily alter the magnitude of tumor growth inhibition to anti-HGF therapy, PTEN status does influence the magnitude of proliferation inhibition relative to apoptosis promotion. These results provide new insights into the molecular basis for different tumor responses to HGF:c-Met pathway inhibition and suggest that the relative benefits of combining HGF/c-Met pathway inhibitors with other anti-proliferative agents or proapoptotic agents will be influenced by tumor PTEN status.
